Abstract
Clinical features of traumatic brain injury (TBI) such as impulsivity suggest an impairment in inhibitory control processes, and a recent surge in studies suggest this is likely. This metaanalysis consolidates findings to-date in adults following TBI across mild to severely-injured groups, focusing on 'effortful' inhibition processes: response inhibition and response interference control. The review studies using well-defined paradigms of response inhibition (N = 20) such as the Go/Nogo task, Sustained-Attention-To-Response Tasks, Stop-signal tasks and Conners' CPT, and the Stroop Colour-Word Task (N = 19 studies) as a measure of response interference control. A small-to-moderately sized average effect was observed for reduced inhibitory control across 41 effect sizes in 989 participants with TBI, compared with 969 controls. However, the effect was larger in studies measuring response inhibition performance, supporting a deficit in this particular process following TBI. Stroop interference control was reduced in the TBI compared to control group largely when studies used the outcome measure 'total time on task', but not 'RT per trial' or 'number of stimuli'. This latter finding suggests factors other than interference control, such as fatigue and arousal, may underlie poor performance on such tasks, and it highlights the importance of adopting a cautious approach when selecting among various Stroop task versions and measures to distinguish TBI deficits.
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Executive dysfunction is a well-established outcome of traumatic brain injury (TBI) causing an inability to adapt and regulate behaviour to changing environmental demands (Stuss, Hugenholtz, Richard, LaRochelle, Poirier & Bell 1985; Levin & Kraus 1994; Tate 1999 ). Such behavioural change following TBI has been explained by models involving two dissociable systems: loss of inhibitory control and loss of drive (Tate 1999) . Inhibitory control, in particular, is an important function of the frontal-subcortical executive system allowing us to suppress, interrupt or delay an activated behaviour or cognitive course of action (Starkstein 1997; Aron, Robbins & Poldrack 2004) . Clinical features of TBI suggest a failure in this mechanism with frequent reports of an inability to inhibit impulsive and habitual behaviour, and socially inappropriate responses such as inappropriate touching and verbal disinhibition (Rao & Lyketsos 2000) . Brain imaging findings during tasks involving cognitive control also support an inhibition deficit (Soeda, Nakashima, Okumura, Kuwata, Shinoda & Iwama 2005) with reduced activation in prefrontal regions in patients with mild (McAllister, Saykin, Flashman, Sparling, Johnson, Guerin, Mamourian, Waeaver & Yanofsky 1999; McAllister, Sparling, Flashman, Guerin, Mamourian & Saykin 2001) and moderate-to-severe TBI (Perlstein, Cole, Demery, Seignourel, Dixit, Larson & Briggs 2004) .
TBI involves a myriad of diffuse and focal brain damage caused by the coup/contracoup (acceleration/deceleration) force on the brain following an external blunt force to the head. Focal contusional damage is common across the poles and inferior surface of the frontal lobes, both the dorsolateral and orbitofrontal areas, the inferior and lateral surfaces of the temporal lobes, as well as cortical regions around Sylvian fissures and limbic areas (Bigler 2001; Bonne, Gilboa, Louzoun, Kempf-Sherf, Katz, Fishman, Ben-Nahum, Krausz, Bocher, Lester, Chisin & Lerer 2003) . Indirect functional impairment can also occur due to lesions that are external to the frontal lobes but located in regions with a high number of afferent or efferent connections to frontal regions, general cortical atrophy and diffuse axonal injury (Adams, Graham & Jennett 2001; Bigler 2001; Khan, Baguley & Cameron 2003) .
This diffuse pattern of brain damage means localised lesions to frontal regions are not a necessary precursor to frontal executive dysfunction in this group (Rieger & Gauggel 2002) .
While poor inhibitory control following TBI is but one of many cognitive sequalae, it nevertheless presents as an important and promising function to focus on as it has been shown to be amenable to functional changes arising from learning and rapid plasticity of neural networks (Chambers, Bellgrove, Stokes, Henderson, Garavan, Robertson & Mattingley 2006; Kelly, Hester, Foxe, Shpaner & Garavan 2006; . From a clinical perspective, this means that identifying deficient inhibition processes may highlight areas for the development of targeted remediation programs. The utility of this line of research has been identified by researchers, with a recent surge in studies examining inhibitory control deficits in TBI since 2000 (e.g. Perlstein, Larson, Dotson & Kelly 2006; ). However, there has been no attempt to consolidate inhibition findings to-date. Past meta-analyses studies have broadly examined frontal executive functioning in adults with moderate to severe TBI, reporting a range of effect sizes from small 0.2 -0.3 (Belanger, Curtiss, Demery, Lebowitz & Vanderploeg 2005; Frenchmen, Fox & Mayberry 2005) to large 0.9 (Mathias & Wheaton 2007) . In a meta-analysis of mild TBI patients, while moderate-to-large effect sizes were obtained across all cognitive domains, the largest effect observed was for cognitive flexibility/abstraction (d = .72) (Zakzanis, Leach & Kaplan 1999) .
Such studies include a vast array of measures of executive function such as the Trail
Making Test, Wisconsin Card Sorting Test and Tower of London. Although these tasks have been purported to access inhibitory control, they also evoke multiple processes beyond inhibition, and therefore, have poor construct validity for measuring inhibition (Halperin, McKay, Matier & Sharma 1994; Milich, Hartung, Martin & Haigler 1994) . Experimental paradigms, on the other hand, are designed to isolate inhibition and provide a more direct measurement of inhibitory control. Commonly used paradigms include the Go/Nogo task (e.g. ), Stop-signal task (Logan 1994) , the Sustained Attention to Response Task (SART) (Robertson, Manly, Andrade, Baddeley & Yiend 1997) , and some versions of the Continuous Performance Task (CPT) (Duncan, Kosmidis & Mirsky 2005) .
Each of these tasks measures an overt, effortful, expression of inhibition involving the suppression of an activated motor response (Nigg 2000) . Response inhibition, typically measured as the number of inhibition failures (i.e. failure to stop a response when required), has been found to be impaired in adults with TBI in a number of studies, compared with controls (e.g. Roche et al. 2004; O'Keeffe, Dockree, Moloney, Carton & Robertson 2007) .
Other measures of response inhibition include the speed of the inhibition process, termed the Stop-signal Reaction Time (SSRT) (Logan 1994) .
A cognitive form of inhibition known as interference control is commonly measured by the Stroop Colour-Word task (e.g. Stuss, Floden, Alexander, Levine & Katz 2001) . This task typically includes 'control' sub-tasks involving Colour-Naming and/or Word-Reading that measure attention and processing speed, and a third sub-task involving colour-naming when the colour word and ink are incongruent. Effortful inhibition at covert, cognitive level is required in the third sub-task to suppress the competing automatic response in favour of the correct response (Nigg 2000) . There have, however, been inconsistent findings with some finding Stroop interference control does not differentiate TBI and controls (Stuss et al. 1985; Batchelor, Harvey & Bryant 1995) and others showing significant differences Schroeter, Ettrich, Schwier, Scheid, Guthke, von Cramon, Schroeter, Ettrich, Schwier, Scheid, Guthke & von Cramon 2007) . Mathias et al. (2007) performed a metaanalysis of performance on the Stroop task in adults with severe TBI, among other tasks involving attention, and found an overall small-to-moderately sized effect (d = 0.36) across two studies examining speed in the Colour-Word incongruent subtask (Marsh & Knight 1991; Spikeman, Deelman & van Zomeren 2000) but larger effect sizes across four studies when scores for speed and inhibition failures were combined (d = 0.87) Rios, Perianez & Munoz-Cespedes 2004) . However, in this analysis, effects were based on stand-alone measures of performance in the incongruent subtask, and not as a difference score relative to a control condition. As performance on incongruent Stroop trials reflects a number of perceptual and cognitive processes, as well as processing speed, it is vital that difference interference scores are calculated in reference to a control 'reading' condition in order to isolate processes related to inhibitory control (Lansbergen, Kenemans & van Engeland 2007) .
Evidence that response inhibition and interference control load on the same latent process suggest they rely on a global inhibitory mechanism (Verbruggen, Liefooghe, Notebaert & Vandierendonck 2005) . Further support for this position comes from findings of common areas of neural activation including the right dorsolateral prefrontal and anterior cingulated cortices, the right inferior frontal and superior medial frontal regions (Cabeza, Grady, Nyberg, McIntosh, Tulving, Kapur, Jennings, Houle & Craik 1997; Bush, Frazier It has also been suggested that response processing speed problems may account for poor performance on the inhibitory component of the Stroop task Mathias & Wheaton 2007) . Slow response processing is a well-established effect in adults with TBI Frenchmen et al. 2005 ; for a review see Mathias & Wheaton 2007) and may be due to diffuse axonal injury leading to reduced interconnections between networks and a disruption of effective neural transmission ).
Indeed, performance on each of the 'control' sub-tests of the Stroop task, reflecting attention and response processing speed rather than inhibition, has been shown to discriminate mild TBI from healthy participants better than many other neuropsychological tests (Bohen, Jolles & Twijnstra 1992; ; for a review see Mathias & Wheaton 2007) .
As apparent from this review, there is significant variability in the outcomes between inhibition studies. Characteristics of TBI injury, including severity and time since injury, as well as participant characteristics of age and gender may account for some of this variability.
A meta-analysis examining cognitive performance across mild to severe TBI patients and across different neuropsychological domains found significant differences in effect sizes dependent on time-since-injury (Schretlen & Shapiro 2003) . In contrast, other meta-analytic reviews have found no such relationship for executive functions following severe TBI (Mathias & Wheaton 2007) (Frenchmen et al. 2005) . Mild TBI has been shown to be associated with smaller-sizes on neuropsychological measures (d = .24) when compared with moderate-to-severe TBI (d = .74) (Schretlen & Shapiro 2003) , and recovery of mild cognitive impairment following mild TBI is common within the first three months (Ponsford 2000; Frenchmen et al. 2005) . Furthermore, gender differences in response inhibition have been found with females showing greater control than males (Ray-Li, Huang, Constable & Sinha 2006) . Finally, it is well known that cognitive functioning declines with increasing age (Park 2000) , in some ways mimicking the effects of TBI. Therefore, these variables will require consideration as possible moderators of inhibition effect sizes.
The aim of this meta-analysis is to provide a consolidation of findings from studies todate examining deficits in inhibitory control following TBI across mild to severely-injured groups, focusing on processes response inhibition based upon several tasks and response interference control as measured specifically by the Stroop interference effect. The latter focus will provide an update to an existing meta-analysis (Mathias & Wheaton 2007) , and report effect sizes as relative measures in reference to a control condition. A further aim is to determine whether TBI impairs speed of response processes in the inhibition paradigms reviewed, and whether this may account for inhibition impairments.
Method

Search strategy and inclusion criteria
A systematic review of the literature was performed to identify studies that have examined the effects of traumatic brain injury on inhibitory control. A staged process was used to locate relevant articles using PsycINFO and MEDLINE (including Premedline) from Jan 1980 to Dec 2008 using the search terms and their variants 'traumatic brain injury' or 'closed head injury', and 'brain injury', 'head injury', and 'concussion', combined with 'response inhibition', 'interference', and a search for inhibitory paradigms using commonly known terms (i.e. 'nogo', 'continuous performance', 'sustained attention to response', 'stopsignal', 'stroop'). Searches were performed independently by two researchers (AD and MK) and then results were combined. Only articles in English were examined. Abstracts and unpublished studies were excluded.
To be included in the analysis, studies had to meet several criteria. First, participants had to be adults (aged over 18 years) with a traumatic brain injury as a result of an external blow to the head, and there had to be some report in the study evidencing brain injury including loss of or altered consciousness, presence of confusion or post-traumatic amnesia (PTA), amnesia or objective neurological findings (Tate, McDonald & Lulham 1998) . Head injuries which only caused momentary loss of consciousness without any following altered consciousness, drowsiness or dazing were not included. Additionally, adults with lesions to the brain due to cerebrovascular disorders, tumors, or other neurological conditions were also excluded from this study. Furthermore, studies that only included children aged less than 18 years in their sample were not included in the current analysis as they may present with different cognitive sequalae due to developmental influences (Borg, Holm, casidy, Peloso, carroll, von Holst, Paniak & Yates 2004) . Second, participants with TBI had to be compared to a non-brain-injured control group (no single-case studies) using a parametric design, which is a necessary precursor for estimating effect sizes (d) (Hunter & Schmidt 1990) . Third, studies had to report sufficient statistical information in order to allow for calculation of effect sizes (see Data extraction and statistical analysis). Fourth, TBI and control participants had to have performed an 'inhibition task' and have been compared on an 'inhibition measure', as outlined in the next section.
Inhibition paradigms
While a number of different paradigms have been used by researchers purporting to measure inhibitory control, many of these have also been criticised for their poor construct validity as they evoke a number of other processes beyond inhibition (Halperin et al. 1994; Milich et al. 1994) . Furthermore, there have been a number of taxonomic issues with the definition of inhibition. Therefore, we adopted Nigg's (2000) definition of effortful inhibition and restricted our meta-analysis to commonly-used paradigms measuring (a) response inhibition (e.g. the Go/Nogo task, stop-signal task) and (b) the Stroop-Colour Word task as a measure of response interference control, although it is acknowledged that there are a host of paradigms that may evoke these and other processes of inhibition.
A 'response inhibition' task was defined as one where a frequent (prepotent) motor response is inhibited intermittently on infrequent trials (i.e. on <50% of trials) (de Zubicaray, Andrew, Zelaya, Williams & Dumanoir 2000; Ramautar, Kok & Ridderinkhof 2004; . These tasks included the Go/Nogo task (e.g. Roche et al. 2004 ), the Sustained Attention to Response task (SART) (Robertson et al. 1997) , and the Conners' Continuous Performance Task (CPT) (Conners 1995) , which involve serial singletrial presentations of infrequent Nogo stimuli interspersed throughout Go stimuli. Other versions of the CPT, such as Gordan's CPT (McAllister, Flashman, Harker Rhodes, Tyler, Moore, Saykin, McDonald, Tosteson & Tsongalis 2008), were not included as they require an infrequent response, failing to establish a prepotent response tendency. The stop-signal task was also included as it has been shown to be the most overt measure of response inhibition, and involves the infrequent inhibition of an already executed response to a choice-RT task (Logan 1994) .
The Stroop Colour-Word task is a well-established paradigm of 'response interference control' in that a competing automatic response set must be inhibited in order to execute the effortful correct response (e.g. Stuss et al. 2001) . Tasks had to include a 'control' sub-task of either colour-naming, word-reading or both, and the inhibitory colour-word subtest, in order to isolate inhibition. The difference in performance between this and the control tasks is known as the 'interference effect' Mathias & Wheaton 2007) , with larger difference scores reflecting greater interference (i.e. poorer inhibitory control). In some cases, colour words are printed in the same coloured ink and, conversely, a facilitatory 'congruency effect' is observed with a reduction in reaction time.
Outcome Measures
Inhibition outcome measures included the rate of Nogo errors (i.e. failures to stop the motor response), Stop-signal Reaction Time (SSRT; i.e., the latency of the inhibition process) and the Stroop interference score. Performance in the Stroop Colour-Word task was measured in three different forms, including (a) total time on task (secs), (b) number of stimuli completed within 100 secs, or (c) mean reaction time within trials (secs).
Eight out of 19 Stroop-task studies reported an interference score, however, as studies differed in their approach to calculating this score, we calculated an interference score for all studies to ensure consistency by subtracting the score (either number correct or reaction time) for control trials (i.e. 'colour naming', or 'word naming' trials, and in absence of either 'congruent colour naming trials') from the score for incongruent trials for each group (van Mourik, Oosterlaan & Sergeant 2005) . The standard deviation of the interference score was calculated with the formulae:
where SD C and SD I are the pooled standard deviation across the control and TBI groups for congruent (or neutral) trials and incongruent trials, respectively, and r is the Pearson coefficient of correlation between performance on these two trial-types (Lansbergen et al. 2007 ). There is some
conjecture as to what r should be set. We adopted the value of r = .954, derived from a past study of adult participants (Kenemans, Wieleman, Zeegers & Verbaten 1999) and used by Lansbergen et al. (2007) Response processing outcome measures included mean reaction time (MRT) to Go stimuli in the response inhibition tasks (secs) and to Go stimuli on trials where there was no stop-signal in the stop-signal task (secs). In the Stroop Colour-Word task, response processing was measured for (a) neutral colour-naming stimuli, (b) neutral word-reading stimuli, and (c) congruent coloured word-reading (in either 'total time on task', 'number of stimuli completed', or MRT).
Data extraction and statistical analysis
The following information was obtained for all studies and served as the basis of the where standard errors were reported, these were converted to standard deviations, (ii) descriptive variables (e.g. time since injury, PTA, period of unconsciousness, number of patients per severity classification) were converted to the same scale of measurement. Data were extracted by one researcher (AD) and then verified by a second researcher (MK), both of whom were experienced with inhibitory control research.
Effect sizes (d) were calculated separately for the inhibition and response processing measures (Hunter & Schmidt 1990 ). The effect size d was calculated as the TBI group mean minus the control group mean divided by the pooled standard deviation (Hunter & Schmidt 1990; Zakzanis 2001) , representing the standardised difference between the two groups within each study. However, effect sizes (d) have been shown to be upwardly biased when based on a small sample size, therefore, a bias correction was performed using Hedge's formulae (Hedges & Olkin 1985, see p. 81) , and were then weighted by the inverse variance (Hedges & Olkin 1985) . If means and standard deviations were not provided for a between-group analysis, we converted t and F statistics to d using the formulae d = 2t/(√df) or (2√F)/(√df error ) (Zakzanis 2001 calculated if different versions of the task were used within a study.
We identified potential outliers in effect sizes using funnel plots and replaced one outlier from the interference control studies (d = 7.23) with the mean (Hunter & Schmidt 1990 for overall inhibition and response processing constructs was significant, moderator variables (see below) were analysed to determine whether they contributed to effect size variability by examining differences between defined sub-groups of moderator variables using the fixedeffects ANOVA-analog of the Q-statistic (i.e. Q between and Q within ). When Q between is significant it suggests systematic differences between studies due to the moderator variable, and when Q within is significant it suggests within-subject heterogeneity due to an additional random component. In these cases, effect sizes from the random effects model were reported for each sub-group within the moderator variable (Lansbergen et al., 2007) . Statistical analyses were also performed to determine whether effect sizes significantly differed from zero using two-tailed Z-tests. A Fail-safe N analysis, which predicts the number of unpublished 'lost' studies that would be required to render the effect size of this metaanalysis insignificant, was also calculated using a weighted approach (Rosenberg 2005) .
Moderator Variables
Given that response inhibition and interference control are considered separate but related processes of inhibitory control (Nigg 2000) , we anticipated that there may be differences in inhibition effect sizes between studies using response inhibition paradigms and studies using the Stroop task. Therefore, inhibition type was examined as a moderator variable. Further moderator variables included, Age: The mean of the TBI and control groups was averaged together and then split into two sub-groups using a median-split (median age = 30.7 years). All studies reported age. Severity of TBI injury: Thirty-seven studies reported the breakdown in severity of the TBI sample (this was based on either the GCS or PTA).
Where the sample consisted either wholly or predominantly (estimated as > 65%) of patients classified with mild TBI, the study was coded as 'mild' (1). Where the sample consisted of an equal proportion of patients classified as mild or moderate, the study was coded as 'moderate' (2). Finally where the sample consisted of predominantly moderate to severe patients or severe and greater, the study was coded as 'severe' (3). There were no studies where the whole sample was classified as moderately severe. A further eight studies reported a mean GCS or range which allowed the severity of the overall group to be determined, and this was coded accordingly. Time since injury: The mean of time elapsed since injury to testing was reported in 31 studies, which was converted to months to ensure consistency across studies, and two sub-groups were formed using a median-split (median = 38.6 months).
In the detailed analysis of Stroop-task studies only, outcome measure was examined as a moderator variable. Each study/task was coded for the type of dependent variable used to measure the interference effect and included 'total time' to read a set number of stimuli, 'RT per trial', and 'total number' of stimuli read within a set time. Other moderator variables were not examined for separate inhibition sub-types.
Results
The literature search initially yielded 173 potential studies. Of these, 92 studies were rejected from initial analysis of abstracts for not measuring inhibitory control, and another 42 studies were excluded after a detailed analysis, with these reasons outlined in Table 1. ___________ Table 1 about here ___________ Therefore, there were 39 studies that satisfied the inclusion criteria for adults with TBI (see asterisked studies in the reference list), and included 20 response inhibition tasks:
five Go/Nogo tasks, 11 Sustained-Attention-To-Response Tasks, three Stop-signal tasks, one The characteristics of the identified studies and their participants are outlined in Table   2 . A total of 989 adults with TBI (58% males; Mean Age: 31.2 years) and 969 non-braininjured control adults (54% males; Mean Age: 31.5 years) contributed to the meta-analysis.
All but four studies reported that control participants were matched to participants in the TBI (Bohen et al., 1995) , and the fifth did not provide this information (Stewart & Tannock 1999) .
______________ Table 2 about here _____________ Table 3 provides a summary of the effect sizes for inhibition and response processing in the response inhibition paradigms and Stroop tasks. Table 4 reports the inhibition and response processing effect sizes derived in both the fixed and random effects models, though fixed model effects sizes are initially reported below.
Overall Effect of Inhibitory Control
_____________ Tables 3 and 4 As the homogeneity analysis was significant (Q(40) = 464.2, p<.001), an analysis of moderators was performed and revealed that time since injury (Q between (1) < 1), severity of injury (Q between (2) = 3.3, p = 0.192) and age (Q between (1) < 1) did not explain the variability.
In contrast, inhibition type (i.e. response inhibition or Stroop interference) significantly accounted for the variability in effect sizes (Q between (1) = 21.7, p < .001), although withingroup variance was also significant (Q within (39) = 442.5, p < .001).
Inhibition Effect Sizes by Inhibition Type
Response inhibition. Individual effect sizes in the 20 response inhibition studies ranged from 0 to 1.32, yielding a weighted mean effect size of 0.50 (95% confidence interval 0.37 -0.63) that differed from zero (Z = 7.6, p<.001). We also separately examined the rate of Nogo errors in six Stroop task studies that reported this measure, revealing an average weighted effect size of 0.62 (95% confidence interval 0.34 -0.89) that was significantly greater than zero (Z = 4.5, p<.001), Q(5) = 9.1, p >.05.
Stroop interference effect.
Although there were 19 Stroop task studies, there were 21 effect sizes due to two studies separately examining two different TBI patient groups Seignourel et al. 2005) . Individual effect sizes ranged from -3.72 to 4.60, yielding a small average weighted effect size of 0.05 (95% confidence interval -0.09 -0.19) that did not significantly differ from zero (Z < 1). Eight effect sizes were negative, indicating effects in the opposite direction to expectations (i.e. TBI groups showed better performance than controls).
Due to a large number of studies employing more than one version of the Stroop task and the large variability observed in effect sizes between studies, we calculated individual effect sizes for each sub-task within a study. The weighted mean effect size was again small at 0.05 and non-significant (Z<1) across 27 effect sizes (95% confidence interval -0.08 -0.17) and the homogeneity analysis was significant at Q(26) = 547.7, p <.001. A closer examination revealed that the outcome measure differentiated between studies, Q between (2) = 266.1, p <.001. However, the pooled within-groups variance was also significant, Q within (24) = 281.7, p <.001. Thus, variability in Stroop interference effect sizes was due to both systematic differences in the outcome measure employed by studies, as well as an additional random component. Applying the effect sizes from the random effects model revealed a significant effect size for 'total time on task' (d = 1.4, 95% CI 0.8 -1.9, Z = 4.7, p<.001) but not 'RT per trial' (d = -0.8, 95% CI -1.7 -0.1, Z = -1.8, p=.08) or 'total number of stimuli' (d = -0.9, 95% CI -1.9 -0.1, Z = -1.7, p=.08).
Overall Effect of Response Processing
The overall weighted mean effect (d) of TBI on response processes was 0.58 based on 31 effect sizes (95% confidence interval 0.48 to 0.68) and was significantly greater than zero (Z = 11.1, p<.001). A Fail-safe N analysis revealed that 241 unpublished 'lost' studies would be required to render the effect size insignificant. A correlational analysis between inhibition and Go MRT effect sizes revealed no relationship across the whole sample (r = -0.295, p>.05), suggesting inhibitory performance was independent of response processing.
The homogeneity analysis was also significant, Q(30) = 123.8, p <.001. A moderator analysis revealed that variability in effect sizes was not explained by time since injury (Q between (1) < 1) or age (Q between (1) = 2.8, p =.095). However, severity of injury significantly accounted for the variance between studies (Q between (2) = 10.0, p <.01), although withinsubject heterogeneity was also significant (Q within (24) = 111.8, p <.001). Therefore, applying the random-model effect sizes revealed significant effect sizes for moderate (d = 0.45, 95% CI 0.22 -0.68, Z = 3.8, p<.01) and, to a greater degree, severely injured patients (d = 0.84, 95% CI 0.50 -1.2, Z = 4.8, p<.001) but not mildly injured patients (d = 0.20, 95% CI -0.27 -0.68, Z < 1). Furthermore, there were differences observed between inhibition types (Q between (1) = 37.4, p <.001) and within-subject heterogeneity was also significant (Q within (29) = 86.4, p <.001).
Response Processing by Inhibition Type
We also examined response processing in the two types of inhibition tasks.
Response inhibition.
Effect sizes for Go MRT ranged from -0.39 to 1.30 and had a mean weighted effect size of 0.31 (95% confidence interval 0.18 to 0.44) that was significantly greater than zero (Z = 4.5, p<.001), Q(16) = 36.9, p <.05. Three effect sizes were negative, and there was no relationship between response and inhibition effect sizes (r = -0.01, p>.10).
Stroop 'control' sub-tasks.
Effect sizes ranged from 0.1 to 2.4 and had a weighted mean effect size of 0.96 was observed (95% confidence interval 0.80 to 1.12) that differed from zero (Z = 11.8, p<.001), Q(13) = 49.5, p <.001. There were no negative effect sizes.
Examining separate Stroop tasks, the outcome measure differentiated between studies Q between (2) = 33.5 p <.001. However, the pooled within-groups variance was also significant, 
Stroop 'congruency effect'.
A weighted mean effect size of 0.78 was observed across 13 studies, 95% confidence interval 0.61 to 0.96 and significantly differed from zero (Z = 9.7, p<.001), Q(12) = 47.9, p<.001. There were too few studies per outcome measure category to perform any moderator analyses.
Discussion
The findings in this meta-analysis revealed a small-to-moderate effect for an overall deficit in inhibitory control across 41 effect sizes in 989 participants with TBI ranging from mild to very severe, compared with 969 controls. Response processing across tasks was associated with an average moderate-to-large effect size. The majority of studies matched TBI and control groups for age, gender, and education suggesting these variables were unlikely to account for differences between groups.
Examining inhibition of a prepotent response in the response inhibition paradigms separately revealed a moderately-sized deficit in adults with TBI, as measured by the inhibition rate or SSRT. Automatic and habitual responding following TBI is common, and indeed these patients show little or no difficulty with automatic or well-learned tasks (Loken et al., 1995; Levin et al., 1988) . Problems became evident when effortful processing is demanded to stop a course of action that is made inappropriate by changing circumstances.
Inefficient response inhibition can arise when inhibition fails to activate or if it is slow to activate, or if the response process is relatively too fast and/or variable (Logan 1994) . As TBI adults showed overall slower response speed than controls, and the measure was unrelated to the inhibition effect, it is unlikely that response speed contributed to impaired inhibition. Consequently, this analysis suggests that the difficulty lies with inhibition itself, failing to activate or activating too slowly. A further aim of this study was to update an existing meta-analysis of Stoop Colour-Word task performance (Mathias & Wheaton 2007) by providing a more specific examination of the Stroop interference effect, a sub-process of inhibitory control. The small and non-significant effect we found for Stroop interference remained even when separate effect sizes were estimated for different versions of the task (i.e. total time, total number, RT/trial). This finding suggests that the ability to control interference from competing response tendencies may not necessarily be impaired in adults with TBI. Heterogeneity in effect sizes between studies was observed and appeared to reflect, in part, methodological differences. Indeed, a closer examination of the type of dependent variable employed revealed significant differences with larger effect sizes for studies that employed 'total time' taken to the complete the Stroop task, while effect sizes were negative for 'RT per trial' and 'number of stimuli completed'.
The implications of this finding are particularly noteworthy for researchers selecting the type of Stroop task and/or outcome measure when conducting research. If requiring a measure that best discriminates patients with TBI from controls, then 'total time' on task appears to be useful. However, 'total time' taken as a measure of performance across a task is unlikely to isolate interference control per se, rather being influenced by other factors such as response speed, fatigue and arousal (Lansbergen et al. 2007) . 'RT per trial' is likely to be a more direct and less variable measure of interference control. However, this measure demands use of a computer-administered task and this is not routine practice in clinical settings due to variability in commercially-available programs and a lack of normative data.
Nevertheless, these findings do highlight the lack of discriminability, and perhaps utility, in versions of the Stroop task that require counting the total number of items completed within a 45 second period. Indeed, Lansbergen et al (2007) It should also be noted that the large differences in effect sizes between that observed for response inhibition (i.e., the complete cessation of a motor response) and Stroop interference control indicate that the two processes of inhibition reflected in these measures (Nigg, 2000) may not necessarily rely on a global inhibitory mechanism (Verbruggen et al. 2005) . This finding supports studies showing different developmental patterns for these two inhibition processes (Bedard et al. 2002; Effect sizes for response processing (Go MRT) were moderate-to-large in the inhibition paradigms. The inhibition effect (d = 0.50) and response speed effect (d = 0.31) in the response inhibition paradigms may be considered equally discriminating. In contrast, the effect sizes for the control sub-tasks of the Stroop paradigm (i.e. Word-Reading and Colour-Naming) provided a much better discriminating effect size (d = 0.96) than the interference effect (d = 0.05). This finding is in line with a past meta-analysis performed by Mathias and Wheaton (2007) and indicates that speed-of-processing is a greater problem for adults with TBI performing the Stroop paradigm than is interference control. Speed of processing deficits have consistently been shown to underlie cognitive dysfunction particularly following severe TBI Felmingham et al., 2004; Mathias & Wheaton, 2007) . Indeed, we found that injury severity was a significant predictor of heterogeneity in effect sizes between studies for response processing, in line with a past meta-analytic review (Schretlen & Shapiro 2003) . Patients with severe injury showed a greater impairment than those with a moderate injury, while patients with mild TBI did not show an effect size that differed from zero.
A positive relationship was observed between moderator variable 'injury severity' and impairment in response processing. While this is in contrast to Mathias et al.'s review (2007) , the finding is in line with the notion that more severe injury may be associated with greater DAI, which impairs speed of processing . In contrast, no relationship was observed between 'injury severity' and overall inhibition, in line with metaanalytic reviews examining general executive dysfunction (Frenchmen et al. 2005 ) and
individual experimental studies showing no relationship between inhibitory performance and severity of injury (Loken, Thornton, Otto & Long 1995) . Similarly, we found no relationships between 'time since injury' and inhibition or response processing comparing groups using a median split of 38.6 months, suggesting no recovery in observed impairments. Belanger (2005) found significant differences between adults with mild TBI measured acutely (i.e. <90 days), who showed significant impairment across 7 out of 8 cognitive domains measured (including executive functioning), with almost full recovery in those measured postacutely (i.e. ≥90 days). One reason for this difference is that there was a skew in our review towards studies examining moderate-to-severe patients and few mild cases by comparison, therefore, we caution that these findings should be examined further
It should be noted that the focus of this review is narrow in addressing only one cognitive sequalae out of a number of the multiple cognitive deficits suffered by TBI.
However, this focus is justified when one considers the degree and persistence of disinhibitory behaviours suffered by adults with TBI, causing significant social implications (McDonald 2005) . Furthermore, our narrow search strategy may have excluded studies that have employed inhibitory tasks but that have described them in different terms (e.g. attention). Two tasks that have been debatably linked with interference control in some studies but that were excluded here include the negative priming and task-switching paradigms. Interference control in these tasks likely occurs at a perceptual-discrimination level of stimulus processing, inhibiting attention towards distractors rather than the inhibition of an inappropriate response (Nigg 2000) . This restricted approach was necessary considering the variability and ambiguity in definitions of response inhibition, ensuring our findings specifically pertained to effortful forms of response inhibition as defined within Nigg's (2000) framework.
Conclusions
Importantly, this meta-analytic review found that the ability to inhibit an inappropriate response is a moderately-sized problem following TBI, and this was unrelated to speed of response processing, supporting a deficit in the response inhibition process following TBI. In contrast, there was a great deal of variation in the extent to which Stroop interference control was affected by TBI injuries, though this finding was likely due to the different task designs and outcome measures employed between studies. For example, the effect was only noteworthy when studies used the outcome measure 'total time on task', which reflects other factors contributing to deteriorated performance including arousal and fatigue. Our findings highlight the need for researchers to adopt a cautious approach when choosing measures of response interference control among various Stroop task versions when distinguishing TBI deficits. Hales (1999) Stroop PC single trial 2.06 0.02 0.86 0.09 Note: NM = not measured; NR = not reported; SART = Sustained-attention-to-response task; CPT = continuous performance task; PC = personal computer. 
